Background: Cancer-induced pain (CIP) is one of the most severe types of chronic pain with which clinical treatment remains challenging and the involved mechanisms are largely unknown. Suppressor of cytokine signaling 3 (SOCS3) is an important intracellular protein and provides a classical negative feedback loop, thus involving in a wide variety of processes including inflammation and nociception. However, the role of SOCS3 pathway in CIP is poorly understood. The present study was designed to investigate the role of SOCS3 in dorsal root ganglion (DRG) in the development of CIP. Method: CIP was established by injection of Walker 256 mammary gland tumor cells into the rat tibia canal. Whole-cell patch clamping and Western blotting were performed. Results: Following the development of bone cancer, SOCS3 expression was significantly downregulated in rat DRGs at L2-L5 segments. Overexpression of SOCS3, using lentiviral-mediated production of SOCS3 at spinal cord level, drastically attenuated mechanical allodynia and body weight-bearing difference, but not thermal hyperalgesia in bone cancer rats. In addition, overexpression of SOCS3 reversed the hyperexcitability of DRG neurons innervating the tibia, and reduced abnormal expression of toll-like receptors 4 in the DRGs. Conclusions: These results suggest that SOCS3 might be a key molecular involved in the development of complicated cancer pain and that overexpression of SOCS3 might be an important strategy for treatment for mechanical allodynia associated with bone cancer.
Introduction
Cancer-induced pain (CIP) resulting from primary tumors or tumors that metastasize to bone is one of the most severe and incapacitating types of chronic pain. Bone metastases had been identified at autopsy in up to 90% of patients who died from prostate cancer 1, 2 and 85% of those who died from breast or lung cancer. 3, 4 Like many chronic pain conditions, CIP becomes more severe with disease progression, almost half of cancer patients have inadequate or undermanaged pain control. 5, 6 In aspect of the relative ineffectiveness and the adverse effects of the current available treatments, it is urgent to develop new potential therapeutic targets for cancer pain relief. However, mechanism underlying the development of CIP is not fully understood. Recent studies using rodent models of CIP suggested that sensitization of primary afferent neurons innervating tumor and the around tissues likely contributes to mechanical allodynia and thermal hyperalgesia. [7] [8] [9] Suppressor of cytokine signaling 3 (SOCS3), induced by cytokine receptors, has been reported to act as feedback inhibitor of Janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) pathway, and thus negatively regulating signaling in numerous cell types. 10, 11 The previous studies show that SOCS3 and its family members are potentially pivotal negative regulators of interleukin-6 (IL-6) signaling; with the stimulation of IL-6, SOCS3 works as a role in preventing IFN-gamma-like responses in cells.
12 SOCS3 has been reported to be involved in several inflammatory diseases, such as inflammatory arthritis, 13 intestinal inflammation, 14 and neuropathic pain. 15 Whether SOCS3 is involved in CIP remains unknown. Since the tumorreleased products and tumor-induced injury to primary afferents can simultaneously drive the inflammation, 16, 17 we hypothesize that SOCS3 signaling in dorsal root ganglion (DRG) may play an important role in the development of CIP.
Toll-like receptors (TLR4) are the cell surface proteins that participate in innate immune and endotoxin recognition, 18, 19 and detect host cell's stress and damage that cause the release of host DNA, RNA, heat shock proteins, and cell membrane components. 20 TLR4-deficient mice have reduced bone destruction following mixed anaerobic infection. 21 Female rats with tibia tumors that displayed tactile allodynia and spontaneous pain are correlated with a significant increase in TLR4. 22 These data suggest that TLR4 is involved in CIP perception. Therefore, in this study, we tested the hypothesis whether SOCS3 played an important role in CIP and its possible interaction with TLR4 in DRG tissues of rats with bone cancer (BC). Using replication-deficient and self-inactivating lentiviral (LV) vectors, 23, 24 we developed a feasible approach to induce SOCS3 overexpression in the DRG tissues. We showed that tumor cell injection significantly reduced the expression of SOCS3 in DRG tissues and that overexpression of SOCS3 attenuated the hyperalgesia, reversed the hyperexcitability of DRG neurons innervating the tibia, and reduced the expression of TLR4. Therefore, overexpression of SOCS3 might represent a novel strategy for BC pain therapy.
Materials and methods Animals
Female Sprague-Dawley rats weighing 160-180 g were housed in temperature ( 
Induction of CIP model
The procedures for induction of BC pain model were in accordance with the previous report. 25, 26 In brief, rats were anesthetized with Chloral hydrate (360 mg/kg, i.p.) for surgery. A skin incision was made to expose the tibia plateau. A needle was then inserted into the medullary canal parallel to the tibia to create a pathway for the Walker 256 cell injection. Then, Walker 256 cells (4 Â 10 5 ) or the same volume of normal saline (NS) (control group) was slowly injected into the tibia cavity by using a 10 -mL microinjection syringe with 23-gauge needle. The syringe was left in place for an additional 2 min to avoid the tumor cells leaking out along the injection track. 27 All rats were allowed to recover from the surgery for at least three days prior to further experimentation.
Mechanical allodynia, thermal hyperalgesia, and weight-bearing experiments
The 50% paw withdrawal threshold (PWT) to a static mechanical stimulus was measured using von Frey filaments and the up-and-down methods, as described previously. 25 Rats (n ¼ 8 in each group) were placed individually on an elevated iron mesh in a plastic cage, and they were allowed to adapt to the testing environment for 30 min. An ascending series of von Frey hairs (0.4, 0.6, 1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0 g) were applied to stimulate the plantar aspect of each hind paw. A trial began with the application of the 2.0 g hair and with 15.0 g as the cutoff strength of von Frey filaments. A withdrawal of hind paw upon the stimulus was defined as a positive response. In the presence of a response, a filament of a greater force was applied. The tactile stimulus producing a 50% likelihood of withdrawal was determined by the ''up-down'' calculating method. The mean value was used as the force to produce withdrawal response.
The paw withdrawal latency (PWL) to radiant heat was also examined as described previously. 28, 29 Rats were allowed to adapt to the acrylic enclosures on a transparent and clear glass plate for 30 min. A radiant heat source was focused on the plantar surface of the hindpaw. Measurements of PWL were taken by a timer that was started upon activation of heat source and stopped upon withdrawal of the hindpaw detected with a photodetector. A maximal cut-off time was set at 20 s to prevent unnecessary tissue damage. Three measurements were taken for each rat. The averaged value was the result of each test session. The hindpaw was tested alternately with at least 5 min interval between consecutive tests.
Hind limb weight-bearing difference (WBD) was measured using a Dual Channel Weight Averager (Churchill Electronic Services Ltd). Rat was placed in a Perspex chamber designed so that each hindpaw rests on a separate transducer pad. The average was set to record the load on the transducer over 5 s and the two displayed readings represented the distribution of the rat's body weight on each paw. For each rat, the two numbers from each paw were taken and the results are presented as WBD. 30, 31 All behavioral tests were carried out by a trained observer in a blinded manner.
LV vector production and intrathecal injection
The coding sequence of rat SOCS3, 5-ggtaagcctatccctaaccctctcctcggtctcgattctacg-3, was used for the experiment. 15 An additional scrambled sequence was also designed as a negative control (NC) (5 0 -ttctccgaacgtgtcacgtttc-3 0 ). Replication-deficient, self-inactivating LV expressing vectors pFU-GW-RNAi-GFP [LV-SOCS3 and LV-NC] were generated. The cDNAs were subcloned into the vector (Shanghai Gene Chem Co, Ltd.). The resulting recombinant LV vectors were designated as LV-SOCS3 and LV-NC, respectively. As described previously, 293 T cells were co-transfected with 20 mg of pFU-GW-SOCS3 plasmid or pFU-GWfree and 15 mg of pHelper 1.0 and 10.0 mg of pHelper 2.0 packaging plasmids. 32 The culture medium was collected 48 h later, concentrated by ultracentrifugation, aliquoted. The final viral suspension was stored at À80 C until use. LV suspension was titrated and normalized for the p24 antigen (Beckman Coulter). The final titer of LV-SOCS3 and LV-NC were 1 Â 10 9 TU/mL. A guiding needle (18G) was passed between the lumbar vertebrae 5 and 6 to enter the intrathecal space and 10 mL volume of lentivirus was slowly injected.
Western blotting analysis of SOSCS3 and TLR4 expression
The expressions of SOCS3 and TLR4 in L2-L5 DRGs from control rats and BC rats injected with LV-SOCS3 or LV-NC were measured using Western blotting analysis. Rats were rapidly sacrificed by cervical dislocation. L2-L5 DRGs were quickly dissected out and lysed, then lysates were left for 2 h to rotate at 4 C, and were then centrifuged at 12,000 r/min for 20 min at 4 C. Supernatants were collected and total protein concentration was titrated using a bicinchoninic acid (BCA) kit. Equivalent amounts of protein (20 mg) were fractionated on 10% polyacrylamide gels (Bio-Rad, California, USA). Then proteins were transferred to polyvinylidenedifluoride membranes (Bio-Rad) at 200 mA for 2 h. Membranes were blocked with 5% fat-free milk solution in Tris Buffered Saline (TBS) (50 mM Tris-HCl, 133 mM NaCl, pH ¼ 7.4) for 1 h at room temperature and incubated overnight at 4 C with primary antibody (anti-SOCS3 at 1:500, Santa Cruz Biotechnology, Santa Cruz, California, USA or anti-TLR4 at 1:1000, Abcam, UK) in TBS containing 1% milk. After washed in TBST, membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (1:5000) in TBS containing 1% milk for 2 h at room temperature. Bands were revealed with an ECL kit (Amersham, Buckinghamshire, UK) and appropriate exposure to Kodak X-ray film. Membranes were subsequently stripped and re-probed for actin (anti-b-actin 1:4000, Chemicon, Temecula, California, USA). b-actins were used as a loading control. The densities of protein bands were analyzed using NIH image software. SOCS3 and TLR4 protein expressions were normalized to b-actin.
Retrograde labeling of DRG neurons innervating the tibia
To determine the origin of the primary afferent innervation of the tibia, 1, 19 -dioleyl-3, 3, 39, 3-tetramethylindocarbocyanine methanesulfonate (DiI, Invitrogen, Carlsbad, California) was used to retrogradely label the neurons, as described previously. 25 In brief, seven days after injection of tumor cells or NS, rats were anesthetized with chloral hydrate (360 mg/kg, intraperitoneal). A skin incision was made to expose the tibia plateau. A needle was then inserted into the medullary canal parallel to the tibia to create a pathway for the DiI injection. Then, a volume of 5 -mL DiI was slowly injected ipsilaterally to the tumor cell injected tibia cavity from the tibia plateau by a 10 -mL microinjection syringe with 23-gauge needle. The syringe was left in place for an additional 2 min to prevent the DiI from leaking out along the track. One week later, lumbar L2-L5 DRGs were dissected out to study its excitability by using patch clamp recordings or to perform immuno-fluorescent staining.
Dissociation of DRG neurons and patch clamping experiments
To isolate DRG neurons, rats (two weeks after injection of tumor cells or NS) were sacrificed by cervical dislocation, followed by decapitation, as described previously. 33 In brief, L2-L5 DRGs ipsilateral to the injection tibia were dissected out and transferred to an ice-cold, oxygenated fresh dissecting solution (in mM): 130 NaCl, 5 KCl, 1.5 CaCl 2 , 2 KH 2 PO4, 6 MgSO 4 , 10 HEPES, and 10 glucose. The pH of solution was adjusted to 7.2 and osmolarity was 305 mOsm. The DRGs were incubated in dissecting solution, which contained collagenase D (1.8 $ 2.0 mg/ml; Roche, Indianapolis, IN) and trypsin (1.5 mg/ml; Sigma, St. Louis, MO), for 1.5 h at 34.5 C. DRGs were taken out, washed, and transferred to 2 mL of dissecting solution containing DNase (0.5 mg/ml; Sigma). Single cell suspension was subsequently obtained by repeated trituration through a series of flame-polished glass pipettes. Cells were then plated onto acid-cleaned glass coverslips. Coverslips containing adherent DRG cells were then put in a small recording chamber (0.5 mL) and attached to the stage of an inverting microscope (Olympus IX71, Tokyo, Japan), which is fitted with both fluorescent and phase objectives. DiI-labeled neurons were identified by their fluorescence. For patch clamp recordings, cells were perfused at room temperature with normal external solution. The external solution contains (in mM) 130 NaCl, 5 KCl, 2 KH 2 PO4, 2.5 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose (pH ¼ 7.2, adjusted with NaOH, osmolarity ¼ 295-300 mOsm). Recording pipettes were pulled from borosilicate glass tubing using a horizontal puller (P-97, Sutter Instruments, California, USA) and typically had a resistance of 3.0 $ 5.0 M when filled with normal internal solution. Resting membrane potential (RP) and rheobase were recorded under current clamp configuration. Whole cell voltages, filtered at 2 $ 5 kHz and sampled at 100 ms/ point, were acquired with an EPC10 patch-clamp amplifier and stored on a computer using FitMaster (HEKA, Germany). All experiments were performed at room temperature (22 $ 24 C).
Immunofluorescence study of SOCS3 and TLR4
One week after DiI injection, rats were perfused transcardially with 300 mL phosphate-buffered saline (PBS) followed by 300 mL ice-cold 4% paraformaldehyde in PBS. L2-L5 DRGs were removed and postfixed for 4 h in paraformaldehyde and cryoprotected overnight in 20% sucrose in PBS. For triple labeling, 10 mm sections of DRG were simultaneously incubated with SOCS3 (1:200), TLR4 (1:200), CD11b (1:200), b-tubulin (1:500), and GFAP (1:1000) antibodies for overnight at 4 C and then incubated with secondary antibody with Alexa Fluor 488 and 355 for 2 h at room temperature. NC was performed by omitting primary antibodies. Sections were viewed with filter cubes appropriate for DiI (rhodamine filter), Alexa 355, and 488. Images were captured and analyzed using Metaview software.
Data analysis
Data are expressed as mean AE SEM for electrophysiology, behavior, and molecular assays. Statistical analyses were conducted using OriginPro 8 (OriginLab, US) and SPSS statistics 17.0 software and were performed by Student's t-test for two-sample data and by MannWhitney test following Friedman ANOVA or KruskalWallis ANOVA followed by Tukey's post hoc test for multiple comparisons where appropriate. Normality was verified for all data before analyses. A p value < 0.05 was set as the level of statistical significance.
Results

Tumor cell injection produced pain hypersensitivity
To confirm cancer development in the tibia, we examined the bone with an X-ray machine and anatomic studies 14 days after injection of tumor cells (4 Â 10 5 ) or NS into tibias. As shown in the radiographic images, the tibia bone matrix and the cortex were normal in the NS injection group (CON, Figure 1(a) , left). However, in tumor cell injection group, the bone showed signs of absorbance of bone tissue and erosion of the cortical bone in the proximal epiphysis close to the site of the injection (BC, Figure 1 Similarly, the PWL to the radiant heat stimulation began to decrease at day 14 and maintained at day 21 after injection ( Figure 1(d) ). The mean PWL was 14.23 AE 0.20 s prior to implantation of tumor cells. The mean PWL was 6.51 AE 0.16 s and 6.33 AE 0.13 s at day 14 and 21 after tumor cell injection, respectively (Figure 1(d) , ***p < 0.001, n ¼ 8 rats for each group, Mann-Whitney test following Friedman ANOVA). However, there was no obvious difference in the PWT or PWL between the control rats and the contralateral side of tumor-injected rats (Figure 1(e) and (f), p > 0.05, n ¼ 8 rats for each group, Mann-Whitney test following Friedman ANOVA). In addition, the hind limb WBD was also examined. Rats injected with Walker 256 tumor cells showed a significant increase in hind limb WBD beginning from day 14 and lasting for one week within our observation time period (Figure 1(g) ). The WBD was 2.70 AE 2.79 g before tumor cell injection and increased to 54.32 AE 2.10 g at day 14 and 62.75 AE 5.15 g at day 21 (Figure 1(g) , ***p < 0.001, n ¼ 6 rats for each group, Mann-Whitney test following Friedman ANOVA). In contrast, the NS-injected rats (CON) had no significant alteration in PWT (Figure 1(c) ), PWL (Figure 1(d) ), or WBD (Figure 1(g) ) during the time course of post-injection. These data suggest that injection of Walker 256 tumor cells into the tibial canal resulted in CIP in rats.
Tumor cell injection led to downregulation of SOCS3 expression in Ipsilateral DRGs
Interestingly, tumor cell injection significantly reduced the expression of suppressor of cytokine signaling-3 (SOCS3) at the protein levels in ipsilateral L2-L5 DRGs when compared with NS-injected group (Figure 2(a) ). The relative densitometry of SOCS3 was 0.08 AE 0.01 in the control group (CON) and 0.02 AE 0.01 in the BC group (Figure 2(a) , **p < 0.01, n ¼ 4 rats for each group, student's t-test). However, SOCS3 protein levels were not altered in contralateral L2-5 and ipsilateral T7-10 DRGs of the same tumor-injected rats. The relative densitometry of SOCS3 in contralateral L2-5 DRGs was 0.40 AE 0.13 in BC group and 0.53 AE 0.04 in CON group (Figure 2(b) , p > 0.05, n ¼ 4 rats for each group, student's t-test). The relative densitometry of SOCS3 in ipsilateral T7-10 DRGs was 0.65 AE 0.01 in the BC group and 0.46 AE 0.03 in CON group (Figure 2(c) , p > 0.05, n ¼ 4 rats for each group, student's t-test). These data suggest that the tumor-injection effects were local in special DRGs and in the injected side.
Since DRG tissues consist of many kinds of cells, immunohistochemical staining of b-tubulin, CD11b, and GFAP with SOCS3 were performed in the present study. Figure 3 showed that SOCS3 were co-localized with some of b-tubulin (top) positive DRG neurons but not with CD11b positive microglia cells (middle) and GFAP positive astrocytes (bottom). To evaluate the specificity of the SOCS3 primary antibody, we performed additional experiments by adding SOCS3 pre-absorption antigen. After SOCS3 antibody was pre-absorpted, DRG neurons were not stained ( Figure 3, bottom right) .
Overexpression of SOCS3 by LV infection attenuated pain hypersensitivity of BC rats
To increase the protein level of SOCS3 in DRGs, we developed a highly efficient method of LV-mediated delivery of SOCS3 cDNA for overexpression as described previously. 15 NC lentivirus (LV-NC, 10 ml) was used as controls. After intrathecal injection of LV-SOCS3 (10 ml), the expression of SOCS3 at protein level was enhanced in BC rats. The relative densitometry was 0.06 AE 0.00 in the LV-SOCS3 group and 0.03 AE 0.01 in the LV-NC group (Figure 4 (a), *p < 0.05, compared with LV-NC, student's t-test, n ¼ 4 rats for each group). Importantly, intrathecal injection of LV-SOCS3 produced a strong antinociceptive effect in BC rats. The decreased PWTs were partially reversed after LV-SOCS3 injection when compared with LV-NC injection in BC rats (Figure 4 
Overexpression of SOCS3 reversed hyperexcitability of DRG neurons innervating the tibia of CIP rats
Next, we investigated whether overexpression of SOCS3 changed electrophysiological properties of DRG neurons innervating the tibia. Acutely isolated tibia innervating DRG neurons ( Figure 5(a) ) were labeled by DiI ( Figure 5(c) ) and GFP ( Figure 5(b) ), which were overexpressed with SOCS3 or LV-NC. The RP of the DiIlabeled neurons from rats injected with tumor cells showed a slight but significant depolarization. Overexpression of SOCS3 significantly hyperpolarized RP ( Figure 5(d) , ***p < 0.001, compared with CON, n ¼ 14 neurons from CON and n ¼ 24 neurons from LV-NC, Kruskal-Wallis ANOVA followed by Tukey's post hoc test; ###p < 0.001, compared with LV-NC, n ¼ 12 neurons from LV-SOCS3). The rheobase was significantly reduced after tumor cell injection while it was increased after LV-SOCS3 injection intrathecally ( Figure 5 (e), ***p < 0.001, LV-NC vs. CON, n ¼ 14 neurons for CON and n ¼ 24 neurons for LV-NC; ###p < 0.001, compared with LV-NC, n ¼ 12 neurons for LV-SOCS3, Kruskal-Wallis ANOVA followed by Tukey's post hoc test). The action potential (AP) threshold was hyperpolarized after tumor cell injection while it was depolarized after LV-SOCS3 injection intrathecally ( Figure 5 (f), ***p < 0.001, LV-NC vs. CON, n ¼ 14 neurons for CON and n ¼ 24 neurons for LV-NC; ##p < 0.01, compared with LV-NC, n ¼ 12 neurons for LV-SOCS3, Kruskal-Wallis ANOVA followed by Tukey's post hoc test).
In addition, representative traces of APs evoked by 1000 ms depolarizing ramp current injection at 100 pA (left), 300 pA (middle), and 500 pA (right) of DRG neurons from control, LV-NC, and LV-SOCS3 group of rats under current-clamp conditions were shown in Figure 6 . Tumor cell injection remarkably increased the number of APs in response to a 100 pA, 300 pA, and 500 pA ramp current stimulation when compared with control rats (Figure 6 , *p < 0.05, **p < 0.01, ***p < 0.001, LV-NC vs. CON, n ¼ 14 neurons for CON and n ¼ 24 neurons for LV-NC, Kruskal-Wallis ANOVA followed by Tukey's post hoc test). Overexpression of SOCS3 greatly reduced the number of APs evoked by 100 pA (Figure 6(d) ), 300 pA ( Figure 6 (e)), and 500 pA ( Figure 6 (f)) ramp current stimulation ( Figure 6 , #p < 0.05, compared with LV-NC, n ¼ 24 neurons for LV-NC and n ¼ 14 neurons for LV-SOCS3, KruskalWallis ANOVA followed by Tukey's post hoc test). These findings demonstrated that CIP elevated the excitability of tibia-specific lumbar DRG neurons and that overexpression of SOCS3 reversed the hyperexcitability of these neurons.
Overexpression of SOCS3 reversed the upregulation of TLR4 in DRGs of BC rats
We then examined the role of TLR4 in CIP since these receptors have been reported to be involved in development of inflammatory pain 34 and visceral pain hypersensitivity. 35 The protein level of TLR4 was slightly but significantly increased in L2-5 DRGs of BC rats when compared with control rats. The relative densitometry was 0.41 AE 0.08 (n ¼ 4) and 0.70 AE 0.06 (n ¼ 4) for control and BC rats, respectively (Figure 7 (a), *p < 0.05, student's t-test), indicating tumor cell injection promoted expression of TLR4 in DRGs. We next determined the expression of TLR4 after LV-SOCS3 injection. Interestingly, overexpression of SOCS3 significantly reduced the expression of TLR4. The relative densitometry of TLR4 was 0.53 AE 0.06 (n ¼ 4) and 0.37 AE 0.03 (n ¼ 4) for LV-NC and LV-SOCS3, respectively (Figure 7 (b), *p < 0.05, student's t-test). Further experiment showed that TLR4 were co-expressed with SOCS3 in DRG neurons innervating the tibia (Figure 7(c) ). As mentioned previously, tibia innervating DRG neurons were labeled by DiI in red in Figure 7 (c) (top left, arrows). SOCS3 positive DRG neurons were displayed in blue in Figure 6(c) (top middle, arrows) . TLR4 receptor positive DRG neurons were displayed in green in Figure 6(c) (top right, arrows) . Merge of double labeling 
Discussion
The present study demonstrated that injection of Walker 256 tumor cells into rat tibia resulted in the reduction of SOCS3 expression in DRGs of rats accompanied by prolonged mechanical allodynia and thermal hyperalgesia, and an enhanced body WBD. Further observation showed that overexpression of SOCS3 by LV strategy significantly attenuated the mechanical hyperalgesia in rats with BC. Although reasons for the difference were unknown, it is likely that SOCS3 can regulate downstream signal molecules responsive to mechanical stimulus rather than those to thermal stimulus. It is thought that thermal algesia is mostly mediated by TRPV1 12, 36 and that mechanical algesia is likely mediated by mechanically gated channels such as the degenerin (DEG/ ENaC) family and acid-sensing ion channel 2. 37 Future investigation into the mechanisms underlying the difference is definitely warranted. Nevertheless, it is of interest to target SOCS3 as an important molecule for treatment for mechanical allodynia of cancer pain.
In accord with the behavior changes, DRG neurons innervating the tibia showed a parallel alteration. Tumor cell injection enhanced the neuronal hyperexcitability while overexpression of SOCS3 reverses the hyperexcitability of DRG neurons. The primary afferent neurons with their cell bodies located in DRGs play an important role in detecting and conducting the peripheral stimulation or sensation, thus activation of DRG neurons leads to pain hypersensitivity. 38, 39 In the present study, inhibition of neuronal excitability by overexpression of SOCS3 might help us to understand the antinociceptive effect of overexpression of SOCS3. Future experiments are needed to investigate how SOCS3 signaling modulates DRG neuronal excitability. Since patch clamp experiments were performed on GFP and DiI doublelabeled DRG neurons, this enables us to make sure that neurons recorded in the present study were tibia innervating and SOCS3 overexpression neurons. Although LV infected different size neurons (Figure 4(b) ), the DiI labeled neurons are mainly small and medium size neurons (Figure 4(c) ), suggesting that the recorded neurons are pain related. Of note is that the control RPs (about À50 mV) look a little bit shallow compared with the reported values. 40 We do not know the exact reasons, but it is likely that the intrinsic features of L2 $ L5 DRG neurons are different from those reported from other DRG neurons. Another possibility is that injection of DiI and overexpression of LV-NC might have impacted potassium/sodium pump activity and relative permeability, thus affecting the RP. In our previously published paper, we showed that P2X3 receptors are sensitized in pain hypersensitivity under BC conditions. 25 It is likely that purinergic receptors might be involved in mechanical pain hypersensitivity. Future experiments are needed to determine the roles of other ion channels such as TRPV1 and TRPA1.
The mechanism underling negative regulation of SOCS3 in pain hypersensitivity is largely unknown. SOCS3 was expressed in neurons and microglia in the spinal cord, 41 hypothalamic neurons, 42 astrocytes of the rat Hippocampus, 43 and retinal ganglion cells of zebra fish.
44
SOCS3 modulation has previously been implicated in anti-hyperalgesia in various models of neuropathic pain. Previous studies suggested that SOCS3 might interact with IL-6 and JAK2-STAT3. 45, 46 However, whether SOCS3 was expressed in primary afferent neurons is unknown. We showed in the present study that SOCS3 was not only expressed in DRG neurons but also co-expressed with TLR4 positive DRG neurons innervating the tibia. However, it is not co-expressed with CD11b, a marker for microglial cells and GFAP, a marker for astrocytes. It has been reported that TLR4 level was increased in the spinal cord in rats with BC-induced pain and that its level was gradually increased with the bone destruction and the progress of BC pain. 22, 47 In addition, the TLR4 antagonist relieved the cancer pain, 48 indicating a role of TLR4 in cancer pain. In the present study, the expression of TLR4 were increased in DRGs of rats with cancer pain but were decreased after SOCS3 overexpression. These data support our hypothesis that SOCS3-induced antinociceptive role might be mediated by inhibition of TLR4 expression in DRG neurons. Although the detailed mechanisms for the regulation of TLR4 by SOCS3 require to be further studied, we showed for the first time that TLR4 might be one of downstream targets for SOCS3 under cancer pain conditions. The molecular mechanisms underlying the signaling pathway of SOCS3-meidated suppression of TLR4 remains largely unknown. Host SOCS3 regulates the innate immune response by controlling and limiting the proinflammatory response through negative feedback inhibition of cytokine receptors. 49 One candidate cell surface molecule for inducing proinFammatory cytokines is TLR4, which initiates a signal transduction pathway after binding to a ligand that ultimately results in NF-kB activation. 50, 51 SOCS3 is composed of a kinase inhibitory region, a classical srchomology 2 (SH2) domain, and a SOCS box. The SOCS box is conserved in all cytokine-inducible SH2-domain-containing protein-SOCS family proteins. 49 One function of the SOCS box is to recruit components of the ubiquitintransferase system and to coordinate their assembly and ability to ubiquitinylate target proteins. 52 TRAF6 protein is also likely a target for SOCS3 proteins. 53, 54 Other mechanisms such as transforming growth factor beta signaling, immune receptors, 54, 55 and JAK2/STAT3 signaling pathway 56, 57 might be also participated. In summary, tumor cell injection led to downregulation of SOCS3 expression in DRG neurons, which was negatively correlated with enhanced neuronal excitability, TLR4 upregulation, and pain hypersensitivity. Overexpression of SOCS3 attenuated pain hypersensitivity, reversed the excitability, and reduced the expression of TLR4 in DRGs of BC rats. Our data suggest that modulating SOCS3 expression might represent a novel strategy for treatment for cancer pain hypersensitivity.
What's already known about this topic?
SOCS3 is an important intracellular protein and provides a classical negative feedback loop, thus involving in a wide variety of processes including inflammation and nociception. However, the role of SOCS3 pathway in CIP remains poorly understood.
What does this study add?
Overexpression of SOCS3 using LV-mediated techniques significantly attenuated the mechanical pain hypersensitivity and reversed the hyperexcitability of DRG neurons innervating the tibia of rats.
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